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Introduction
Nanotechnology is a buzzword of this millennium which has transformed the face of research in science and technology.
Nanoparticles have been extensively proposed as alternative to conventional approaches in many technologically-advanced fields like the electronic, petrochemical, food and pharmaceutical/biomedical industry [1] [2] [3] [4] . The application of nanotechnology to the biomedical field gave origin to the concept of Nanomedicine, becoming a highly studied field [5] [6] [7] [8] [9] [10] .
nanoparticles have found their application in (i) the rescue of some drugs, presenting promising therapeutic value, but not exploited because of the difficulties inherent to their formulation/compounding; (ii) the "make-over" of drugs already used in clinical practice 12, 13 ; (iii) administration of biopharmaceuticals (therapeutic proteins, DNA, RNAs, antisense ODNs, cells), which are an emerging generation of delicate and challenging therapeutics 14, 15 . In general, nanoparticles based formulations can overcome the drawbacks of the conventional ones; they allow the administration of drugs in a more effective and safe manner by increasing their solubility and stability, targeting specific organs and tissues, reducing their rapid clearance from the body and their side effects. Among all the proposed nanoparticles, such as inorganic nanoparticles, polymeric nanoparticles, carbon nanotubes and nanogels [16] [17] [18] [19] [20] [21] , lipidbased nanovesicles (L-NVs) have been intensively investigated, because from the very beginning they have shown excellent performances. L-NVs are regarded as small sphere-shaped bilayered vesicles containing lipids in its constitution. Usually, vesicles are broadly classified into small unilamellar vesicles/nanovesicles (SUVs, size < 200 nm and single bilayer), large unilamellar vesicles (LUVs, size ranging from 200 -1000 nm and single bilayer), giant unilamellar vesicles (GUVs, size > 1000 nm and single bilayer), multilamellar vesicles (MLVs, consisting of several concentric bilayers) and multivesicular vesicles (MVVs, composed by several small vesicles entrapped into larger ones) ( Figure 1a ). The surface of the vesicles can be easily functionalized with different ligands (Figure 1b) , allowing the production of smart, multifunctional systems. In general, many parameters need to be controlled when nanocarriers are synthesized and among them the size, the morphology and the surface properties are the most relevant since they govern the interactions among nanocarriers and cells. Furthermore, the membrane organization also needs to be taken into account in the case of L-NVs. Smaller size (100-200 nm) , are usually requested as well as high homogeneity in size and structure. For this reason, SUVs have attracted great attention in the drug delivery field since they have the right compromise of size: they are big enough to avoid the rapid clearance through the kidneys and small enough to present a minimal uptake by the mononuclear phagocytic system, facilitating their longer circulation lifetime in the body and hence a higher possibility to reach the target cells 22 . Moreover, SUVs can easily accumulate within tumors through the so-called enhanced permeability and retention (EPR) effect and thereby be applied in cancer therapy 23, 24 . On the other hand SUVs, compared to MLVs or MVVs, allow a more accessible and homogeneous membranes functionalization and this finally turns in a homogeneous and sharp response of the system to an external stimulus, i.e. allowing the homogeneous release of the drug at the target site, if the vesicles are functionalized with a drug. Among lipid-based SUVs, liposomes have been the first ones developed and they have quickly stepped from the lab-bench to the clinic and finally they have imposed their presence on the market. Indeed, some liposomal-based therapeutic systems have been already approved by regulatory agencies and others are nowadays under clinical evaluations 15, 25, 26 .
Liposomes were discovered by Bangham and co-worker 50 years ago, and are constituted by an aqueous core enclosed by single or multiple concentric phospholipid bilayers ( Figure 2a ). The first formulation of liposomes was composed by natural phospholipids 27 . Nowadays, liposomes are composed by naturally and/or synthetic phospholipids, such as phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylglycerol (PG) [28] [29] [30] .
Liposomes have several advantages as drug delivery systems (DDS) due to their high biocompatibility 31 , and their ability to entrap both hydrophilic and hydrophobic drugs into their aqueous core or in their lipid bilayers, respectively 32 .
However, they show some drawbacks as poor colloidal and chemical stabilities, rapidly clearance from the blood after intravenous administration 33 , high permeability of their membranes causing leaks of the entrapped drugs due to the intrinsic rotational freedom of the phospholipids, etc. In order to overcome these problems, new liposomal-based nanovesicles have been developed. For example, surfacemodified liposomes by the means of glycolipids, mimicking the erythrocyte membrane, or with hydrophilic synthetic polymers, such as poly(ethylene glycol) (PEG) 34 (stealth liposomes), have been synthesized and they have shown a longer circulation time. Or in order to improve the physical stability of liposomes, cholesterol (Chol) has been added as additional component of the lipid bilayers, since it can enhance membrane rigidity and in vitro and in vivo stability 35, 36 . As regards their poor colloidal stability and short shelf-life, many attempts have been done, but without success 37 . In fact, liposomes correspond to a metastable state, which is achieved by the input of external energy (e.g., sonication or mechanical filtration). The stability of these structures is kinetically limited because the phospholipids are highly insoluble, thus they have the tendency to aggregate (equilibrium state) 38, 39 . Usually liposomes are stored as dry products which can be reconstituted prior to administration 40 . All the mentioned restricted conditions of preparation and storage, besides the elevated price of Conversely, the purpose of this review is to provide a description of the new generation of non-liposomal L-NVs, since they are still not well-known. They have already demonstrate huge potential, especially at pre-clinical stage [69] [70] [71] [72] [73] [74] but in order to be overspread to the market, they need to be translated in pharmaceutical products, both showing excellent performances in vivo and providing manufacturing processes viable at industrial scale for their production. Because of that, we will also review the current synthetic methods for L-NVs production, highlighting the technologies that can support non-liposomal L-NVs in their rocky way to the market. Among these, we will extensively describe compressed fluids (CF)-based technologies since we believe they can represent a game-changing in L-NVs production. In fact, CF-based technologies have already shown their potential in terms of granting high throughput of homogeneous, high quality L-NVs and high compliance with the constraints imposed by Good Manufacturing Practices (GMP). Furthermore, it has been assessed that they are easily scalable at industrial level and they have been recognized as green technologies, making them even more appealing for the pharmaceutical industry. The last part of the review will be dedicated to the currently biomedical applications of L-NVs in Nanomedicine, finally looking to their future perspectives. It is worth to point out here that even though liposomes are not meant to be the main characters of this review, because they are the "oldest" and "more developed" L-NVs, they will be often re-called in this review and used either as "model" or "antimodel" in the comparison with non-liposomal L-NVs.
Non-Liposomal Lipid-Based Nanovesicles: Classification
In order to describe the most important types of nonliposomal L-NVs, we have divided them in different groups depending on their membrane components, where at least one of them is a natural and/or a synthetic lipid. The most important properties of each system here described are reported in Table 1 .
Niosomes
Niosomes (Figure 2c ), or non-ionic surfactant vesicles, have gained increasing scientific attention as drug delivery systems with respect to conventional liposomes (Figure 2a) As transfersomes, ethosomes are composed by phospholipids and an edge activator, based in this case on alcohols such as ethanol or isopropyl alcohol, used at high concentrations (Figure 2d ) 118 . Ethosomes size can be modulated from nano to micron range, and can be obtained either unilamellar or multilamellar vesicles 118, 119 . The high penetration achieved with these new vesicular systems are not well understood, although the high permeation is attributed to the high content of alcohols, since ethanol is a well know penetration enhancer that affects the intercellular region of the stratum corneum 120 .
Several works using ethosomes as carriers have been shown good results both in vitro and in vivo 69, [92] [93] [94] . For example, ethosome formulation containing psoralen has showed promising results for the treatment of vitiligo and psoriasis 121 .
Transdermal delivery with the ethosomal formulation showed increase permeation and skin deposition of psoralen 122 .
Sphingosomes
The 96 . In addition, they can be administrated by different routes, such as intravenous, intramuscular, subcutaneous, and intraarterial. Also, the vesicular membrane of sphingosomes can be tuned with specific ligands to achieve active targeting. However, these vesicular systems show some limitations both related to their cost, because sphingolipids are very expensive, and to their poor entrapment efficiency 113 .
Ufasomes
Ufasomes were first described in 1973 by Gebicki and Hicks, as vesicular systems composed by unsaturated fatty acids such as oleic acid and linoleic acid. Nowadays these vesicles are also made of saturated fatty acid such as octanoic acid and decanoic acid along with some surfactants 126 . Ufasomes form vesicles with size between nano and sub-micron range, and can be unilamellar and/or multilamellar 126 . Ufasomes have some advantages over convention liposomal formulations, since they show an improved stability, better entrapment efficiencies for both hydrophilic and hydrophobic drugs, and their membrane components are cheaper and more available [127] [128] [129] . Ufasomes are therefore potential carriers for topical delivery of pharmaceuticals and biopharmaceuticals [97] [98] [99] 130 .
For example, ufasome gel formulations loaded with dexamethasone as anti-inflamatory drug showed promising results in vivo after topical admimistration in Carrageenan induced rat paw edema model. The transdermal permeation of the drug-loaded ufasome gel was higher than the plain drug and plain gel. Moreover, a significant reduction of edema was observed, when drug-loaded ufasome gel was used, compared to the commercial product. Nevertheless, ufasomes have some issues related to their skin toxicity and their low entrapment efficiency of hydrophilic drugs 98, 130 .
Pharmacosomes
Pharmacosomes are colloidal dispersions composed mainly by phospholipids, where drugs are covalently bound to the lipid 131, 132 . Pharmacosomes are also referred as phytosomes, when the drug is an herbal active ingredient 133, 134 . Pharmacosomes were developed in order to improve the encapsulation efficiency of polar drugs, which are difficult to encapsulate with high efficiencies in conventional liposomal formulations 132 . These colloidal dispersions can exist as vesicular, micellar or hexagonal assemblies, depending on the chemical structure of the drug-lipid complex, and the size of the assemblies obtained are in the nano and micro range 131 . The physicochemical stability of pharmacosomes depends mainly on the physicochemical properties of the drug-lipid complex 135 . Pharmacosomes can pass through biomembranes efficiently and possess several advantages over the vesicular systems previously described, since the drug is covalently bounded to the lipid, the encapsulation efficiency is increased, the leakage of drugs is avoided, there is no need of additional steps to eliminate the free drug, and the drug release is not affected by the membrane fluidity 136, 137 . Several drugs like taxol, amoxicillin, dermatan sulphate have shown increased therapeutic effect when formulated within pharmacosomes 131 .
Virosomes
Virosomes are hybrids of liposomes and viruses, which integrate fusogenic viral envelope proteins into the lipid membrane of liposomes 138, 139 . Virosomes form vesicles with size in the nano and sub-micron range, and can be unilamellar and/or multillamellar. Virosomes are promising candidates for the delivery of both pharmaceuticals and biopharmaceuticals, since the fusogenic viral proteins allow them to penetrate into cells, and escape from the endosomes, delivering their cargo directly into the cytoplasm of the cells 140, 141 . Several works have been shown promising results both in vitro and in vivo using virosomes as carriers 102, [142] [143] [144] . Moreover virosomes have been used as vaccine carriers and as adjuvant systems, since they have shown to improve cell-mediated and humoral immune response, generating long-term immunity against pathogens. For example, virosomes loaded with specific melanoma-associated antigen, gene or RNA induce protective immunity in a mouse-melanoma model 145 . Despite all the advantages that virosomes have showed, safety concerns are related with their use since the viral proteins produce some immunogenicity; additionally, they have shown poor stability 146 .
Quatsomes
Quatsomes are unilamellar nanovesicles constituted by quaternary ammonium surfactants and sterols in defined molar ratios 147, 148 . These colloidal structures are stable upon long storage such as several years, their morphology do not change upon rising temperature or dilution, and they show outstanding vesicle to vesicle homogeneity regarding size, lamellarity and membrane supramolecular organization 147, 149, 150 . It is important to highlight that the unilamellarity of quatsome-like structures and their homogeneous morphology make these systems ideal for the precise functionalization of their membranes, which is very important for a robust and efficient drug targeting [151] [152] [153] . Another important characteristic of quatsomes is that their membrane components are not expensive and are available at pharmaceutical grade. For instance, the surfactants forming the quatsome membrane are widely used as disinfectants, algaecides, preservatives, detergents and antistatic components 154 . This confers to quatsomes an additional antibacterial feature 74 . Therefore quatsomes fulfill the structural and physicochemical requirements to be a potential encapsulation platform for site specific delivery of both hydrophilic and lipophilic therapeutic and diagnostic actives. These vesicular systems are promising alternative to cationic vesicles prepared with pure cationic lipids, which have showed high cytotoxicity and lower stabilities 155, 156 . Quatsomes-like structures have been formed using different quaternary ammonium surfactants such as cetrimonium bromide (CTAB), myristalkonium chloride (MKC) and cetylpyridinium chloride (CPC) and different sterols such as cholesterol and β-sitosterol 150 . In a recent study, quatsomes were evaluated for their antimicrobial activity in an in vitro S. aureus biofilm model. Quatsomes prepared with an antiseptic quaternary ammonium compound CPC and Chol have showed good antibiofilm capacity without no adverse effect on the cells 74 .
Furthermore, it is worth mentioning that recently, quatsomelike structures have been produced using single-chain anionic surfactants instead of quaternary ammonium surfactants.
Methods of preparation
Physico-chemical properties of nanovesicles, including size, morphology, lamellarity as well as encapsulation efficiency (EE) are of utmost importance in order to achieve optimal performances in their final application as biofunctional materials. In general, these properties are strongly affected by the system composition and by the synthetic approaches exploited for their production. In the literature several methods for preparing lipid-based nanoparticles are described and they are usually categorized as conventional or novel. Generally, conventional approaches are easy preparation methods, especially at laboratory scale, but they usually fail when scaled-up up to industrial level. Complex, time-and chemical-consuming purifications are usually required in order to remove all the agents used in the phase of production and this, in turn slows down the production chain and raise up the processing costs, making conventional strategies not reliable at industrial level. Other issues are related to the harsh conditions applied during the production. Thus, often high mechanical stress and temperature are necessary during their processing, which can result in the degradation of labile biomolecules, such as proteins, enzymes, nucleic acids. Furthermore, the control over materials properties is not fully reliable as well as the reproducibility among different batches. Finally, the environmental constraints on production process are nowadays more restrictive, forcing the industries to drive towards more efficient and eco-friendly manufacturing process. For all these reasons, new manufacturing processes have been developed in the last years using techniques based on microfluidic or CF technologies, among others. These approaches are easy to scale-up, but can require special equipment, which in turn can rise up the costs. Financial aspects are also needed to be evaluated case-by-case 157, 158, 67 .
In the following, the most used conventional and novel approaches will be presented, with a stronger emphasis on novel approaches exploiting CF-based technology. Most of the examples here presented will refer to liposomes, because only few examples of non-liposomal lipid-based vesicles are available in the literature. However a general trend can be observed: all these preparation methods may be exploited for the production of non-liposomal nanovesicles. In Table 2 the advantages and disadvantages of the various preparation methods here described are reported. 
Conventional Preparation Methods
Conventional methods for vesicles production consist of a production step, during which vesicles are formed as dispersion in aqueous phase, and a few postformation steps, during which the desired structural characteristics, in terms of size, morphology and lamellarity, are achieved. There is a wide variety of conventional methods to prepare liposomes, including thin-film hydration, reverse-phase evaporation, solvent injection, and detergent dialysis 65, [159] [160] [161] With the majority of these techniques, after the production step, big LUVs, MLVs and GUVs are obtained. In these methods the selfassembly of lipid vesicles typically occurs within environments with characteristic dimensions of millimeters or centimeters, which results in local concentration fluctuations of lipids and payloads, i.e. heterogeneity. In order to alter particle size and minimize the polydispersity, postformation steps are needed such as sonication 162 extrusion [163] [164] [165] , and high-pressure homogenization 166, 167 methods to end up with a homogeneous dispersion of SUVs. A schematic representation of the conventional processes is reported in Figure 3 .
Mechanical forces are applied for disrupting large MLVs into small membrane patches that ultimately form SUVs. The need for using additional mechanical processing limits to a great extent the application of conventional methods for the encapsulation of fragile molecules due to the extreme conditions usually applied. The thin lipid film hydration method was developed by Bangham et al. for liposomes production and it has been extensively used since then for the production of other L-NVs and micelles 168, 169 . Lipids are dissolved in an organic solvent, which is then evaporated. A thin lipid film is created in a round-bottom flask and the complete removal of the solvent is achieved by freeze-drying. The nanovesicles are formed after re-hydration of this thin-film with an aqueous solution. Multiple freeze/thaw cycles are often requested in the latter step. Depending on the conditions of re-hydration, nanovesicles with different physico-chemical properties are obtained.
Preparation Methods Advantages Disadvantages
Conventional Methods • Easy at lab-scale As already mentioned, in order to obtain particles with smaller sizes and higher homogeneity, some additional steps need to be performed 170 . In Figure 4 it is shown a schematic representation of the thin film hydration method. Although it is a simple technique at laboratory scale, it is not easily scalable to industrial level since its reproducibility and yield are low, requiring multiple time-and energy-consuming steps to reach the final product. Another technique extensively used for L-NVs production is the reverse phase evaporation method. In this method the lipids are first dissolved in an organic solvent, which is then evaporated in order to form a lipid film. This film is then re-dissolved in ether or isopropyl ether. Afterwards, an aqueous phase, carrying the drug to be loaded in, is added to the organic phase and the two phases are mixed where inverted micelles or water-in-oil emulsion are formed. The organic solvent is gently evaporated under a reduced pressure and a dispersion of nanovesicles in water is obtained 160 . Sometimes a further purification step is requested, in order to completely remove the organic solvent. The reverse-phase evaporation method presents higher encapsulation efficiencies than thin film hydration; however it is limited by the solubility of the lipids in the organic phase and the subsequent removal of the solvent from the final preparation. The solvent injection technique has been also exploited in order to form L-NVs. In this case an organic solution of lipids is directly injected in an aqueous solution. The rapid dilution of the organic solvent in the aqueous phase causes the formation of nanovesicles. Depending on the solvent used, the technique is slightly modified. For example when ether is used, the aqueous phase is warmed up to 60 ºC before performing the injection. This technique really often leads to heterogeneous vesicles, both in terms of size, morphology and lamellarity 171, 172 . Finally, in the detergent depletion method, the lipids are first dissolved into micelles, which act as a template and then an aqueous phase is added. When the surfactant is removed, the lipids start to coalesce and the vesicles are formed. Usually large unilamellar vesicles are formed with this method and problems associated with detergent removal, which include low trapping efficiency and length of preparation, limit the use of detergent-based techniques in producing LUVs [173] [174] [175] . The unique features of CFs in terms of gas-like mass transfer properties and liquid-like solvent power together with their pressure-tunability are the keys for the successful performances of CF-based technologies. 176, 177 In fact, the prominent properties of CFs can be tuned by the mean of the pressure: pressure variations are mechanical perturbations that travel at the speed of sound, propagating quickly and homogeneously across the medium leading to large but uniform modifications of the fluid density and solvent power. When used as a trigger for nanoparticles formation, this fast and homogeneous modification of the fluid properties favours the achievement of high quality, uniform nanomaterials without the need for postformation steps as in conventional methods 149, 159, 176, 178, 179 . Such feature is missed in other approaches, where the triggers for nanoparticles formation are changes in the temperature or composition, which do not propagate quickly and homogeneously within the medium, causing gradients of concentration inside the reactor and leading to heterogeneous nanoparticles. CF-based technologies allow to reduce the high mechanical stress due to the high stirring as well as the high operating temperatures used in conventional processes, which in turn can degrade labile compound 177, 178, 180 . Moreover, the extensive use of organic solvents or other delicate chemicals is reduced by CFs, improving the toxicological profile of the particles produced; CF-based technologies are often one-pot production technologies and they can also provide sterile operating conditions 159, 181 . The most widely used CF is CO 2 , which is nontoxic, non-flammable and easy recyclable. The moderate critical parameters of CO 2 (Pc = 7.4 MPa; Tc = 304.1 K) together with its low price and high availability make also CO 2 -based technology very attractive from an economical perspective. Please do not adjust margins
Novel Preparation Methods
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Most of the methods using compressed CO 2 for L-NVs production involve the formation of a mixture of this dense gas, the vesicle membrane constituents, and an organic solvent at a certain pressure and temperature; vesicles are usually produced upon contact between this organic phase and an aqueous phase. Various CF-based technologies have been developed for the generation of L-NVs by changing the experimental procedure, parameters, and equipment resulting in a large variety of vesicular systems with differentiated characteristics. Generally, CF can act either as a solvent or as anti-solvent or as co-solvent, depending on the solubility of the solutes in the CF 176, 181, 182 . More in detail, the CF is used as solvent when all the components are likely soluble in it; in this case, the organic solvent acts as a co-solvent, when present. When the CF is used as anti-solvent, it means that the components are not soluble in it, so first they are dissolved in the organic solvent and then the CF is added to the mixture for triggering the precipitation of solutes. Finally, when the CF is used as a co-solvent, all the components are dissolved in a mixture of the organic solvent and the CF, which in turn increases the solubility of the solutes in the organic solvent 159, 176, 178, 179 . In Table 3 , the CF-based technologies here reviewed are summarized, by defining the role of CF and if the organic solvent is present or not. Also, the typical operation conditions used are reported, as well as the kind of SUVs produced. As far as we know, Depressurization of an Expanded Liquid Organic Solution-SUSPension method (DELOS-SUSP) is the only CF-based technology that have been already used for the production of non-liposomal L-NVs. In particular, a variety of Quatsomes have been generated by exploiting this method.
The injection and decompression methods described by Castor and Chu in 1994 183 have been the first CF-based techniques developed for the formation of liposomes ( Figure 5 ). While in the injection method, a mixture of lipid, organic co-solvent, and compressed gas is injected through a nozzle into an aqueous solution, the decompression method involves a mixture of lipid, organic co-solvent, compressed gas, and aqueous solution being decompressed into air through a nozzle to form the vesicles. The major distinction between the two methods is the "place" in which occurs the contact between the organic and the aqueous phase. The authors have studied the effect of the nozzle size on the liposomes size and they have found that the smaller is the size of the nozzle, the smaller are the liposomes. The injection method is more suitable for the processing of labile compound because of the absence of high shear forces. The authors claim that the injection and decompression methods are capable of producing substantially solvent-free, sterile and pharmaceutical grade vesicles with narrow particle size distribution 184 . The liposomes generated by these methods have also shown excellent colloidal stability over a period of 6 months 185 .
However, for the clinical development of liposomal drugs, a shelf-life of more than 12 months needs to be proved. This method has shown to be well suited both for hydrophobic and hydrophilic drugs encapsulation, such as taxoids, doxorubicin, michellamine B, vincristine and cisplatin 186 . The injection method produced liposomes with superior physical stability and efficiency of drug encapsulation than those of conventional sonication methods 186 . The potential disadvantages of the injection and decompression methods are the use of nozzles, the high capital cost of the equipment, and the high process pressure and temperature requested. Afterwards, a number of variants of the injection/decompression methods have been proposed by the same authors among the years, trying to generate smaller and unilamellar vesicles with a lower polydispersity on one side and to improve the EE on the other side. In the 2005, the SuperFluids Phospholipids Nanosomes (SFS-CFN) were developed 187 .
Small and uniform liposomes (up to 200 nm) were produced by this method using process conditions of at 60 ºC and 24 MPa, granting a homogeneous dissolution of the materials in the dense gas/co-solvent mixture, using a recirculation loop. Invivo studies were performed using these liposomes containing paclitaxel and they showed that this formulation had a significantly greater effect on the cancer cells than the conventional therapeutic formulation 187 .
A further implementation of these methods arrived in 2010, when Castor invented an improved process to co-encapsulate hydrophobic and hydrophilic drugs into the nanovesicles. In this method, a phospholipid and hydrophobic drug solution are dissolved in the dense gas with (or without) a co-solvent. Afterwards, the phospholipid and hydrophobic drug solution is depressurized in an aqueous solution containing the hydrophilic drug, resulting in the formation of uniform liposomes that encapsulate hydrophobic and hydrophilic drugs. This method has been proven to be very useful for combination drug therapies 188 . In general, with the injection and decompression methods, as well as their variants, the size and characteristics of nanovesicles depend on the process parameters and material properties, including the size and design of the decompression nozzle, pressure, the rate of decompression, interfacial forces, charge distribution and the nature of the compound being encapsulated. Frederiksen et al. have developed the supercritical liposome method 190 in the 1994. This method is similar to the injection method, but in this case the required pressure is higher (up to 25 MPa) and the amount of co-solvent used is lower (up to 15-fold less). The yield of the process is around 80% and most of the liposomes produced are small unilamellar vesicles, having sizes between 20-50 nm. A small fraction of MLVs are also formed. However, their EE was reported to be approximately 20% lower than that achieved using conventional methods 189 . In the supercritical liposome method phospholipids and Chol are dissolved into supercritical CO 2 in the presence of ethanol (5-6%) and ethanol and CO 2 are recirculated many times in order to achieve the complete dissolution of the lipids. Then, the solution is quickly expanded over an aqueous solution containing the hydrophilic drug to be entrapped in. The main difference between this method and the injection method is the fact that here before the expansion, the two phases are in touch inside a capillary. The size of the capillary, i.e. its surface area, strongly influences the size of the liposomes and EE 189, 191 . As stated in its name, this method has been developed for liposomes production, but it can be also used for nonliposomal L-NVs. Otake et al. developed the supercritical reverse phase evaporation method (scRPE) in 2001 181 ( Figure 6 ). The basic concept of this method is similar to that of the conventional reverse-phase evaporation method. Thus, lipid, organic cosolvent, and compressed gas are combined in a stirred, variable volume cell at a temperature higher than the phase transition temperature of the phospholipid. An aqueous solution is then slowly introduced into the cell. The system turns to a microemulsion when the amount of water introduced is low (DPPC forms reverse micelles in the water/CO 2 microemulsion), while the microemulsion turns to a macroemulsion as the amount of introduced water increases. The pressure is then released, and vesicles are formed as CO 2 evaporates from the aqueous phase upon depressurization.
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The main difference with respect to the decompression method is the absence here of a sprayer. If compared with the Frederiksen's method, the scRPE method is simpler and requires less CO2. LUVs (0.1-1.2 µm) have been formed with this technology. The mechanism of formation of the vesicles is pretty complicated. Imura et al. studied the mechanism of liposome formation by scRPE. They found that the colloidal structures of the emulsions (water/CO 2 or CO 2 /water) obtained before the liposome preparation directly influences the physicochemical properties of the liposomes, such as their particle size, EE and lamellarity 212, 213 . Liposomes modified with lipopeptides have been also prepared by the scRPE method. In particular, bovine serum albumin has been used a model drug in this study in order to verify if this method allow to increase the EE of the protein. The encapsulation was higher (up to 70%) than those obtained using the conventional Bangham's method, and approximately 90% of the entrapped drug was retained for up to 48 h in the produced liposomes, whereas no drug remained in liposomes produced using the Bangham's method after 48 h 192 . Owing to the single-step nature of this method, scaled-up liposome production is possible. Furthermore, Otake et al. have reported an improved version of scRPE method named as ISCRPE, which does not use any organic solvent. In this case a pure CO 2 /water emulsion is formed at 60ºC and 2 MPa. The drug-loading efficiency and stability are improved compared with the scRPE method. A key parameter of this version is the depressurization rate; the slower is the depressurization, the higher is the control over material properties. The authors also have observed that the EE is increased when longer alkyl chain or unsaturated lipids are used. Furthermore, the shelf-stability of such liposomes is longer than that of liposomes produced by Bangham's or Frederiksen's methods. The ISCRPE is very simple compared with the scRPE method and it is also scalable 193 .
In 2008, a CF-based method, called Depressurization of an Expanded Liquid Organic Solution-SUSPension (DELOS-SUSP)
for the preparation of colloidal nanomaterials was developed 194 .
This method was an intensification of DELOS (Depressurization of an Expanded Liquid Organic Solution)
process, with which micron-sized and submicron-sized crystalline particles with high polymorphic purity were prepared 214, 215 . DELOS-SUSP method, which involves the depressurization of a CO 2 -expanded liquid solution of lipids into an aqueous phase, uses a very simple set-up and mild conditions of pressure (10 MPa) and temperature (35 ºC) than the above described methodologies. Using this method the straightforward one-step preparation of L-NVs with controlled size distribution, uniform shapes, and good shelf-stability has been achieved 195 . Briefly, the DELOS-SUSP method ( Figure 7) consists in loading a solution of the membrane lipid components and the desired hydrophobic bio-actives in an organic solvent (e.g., ethanol) into a high-pressure autoclave, previously driven to the working temperature ( Figure 7a) . The reactor is then pressurized, with a large amount of compressed CO 2 until reach the working pressure (10 MPa) ( Figure 7b ). Finally in the third stage, the vesicular conjugates are formed by depressurizing the resulting CO 2 -expanded organic solution over an aqueous phase, which might contain water soluble surfactants and hydrophilic bio-actives ( Figure  7c ) 195 . In this last step, a flow of N 2 at the working pressure is used in order to push down the CO 2 -expanded solution and to keep constant the pressure inside the reactor. A worthy notorious point is that the depressurization is simply performed by the mean of a valve, without the need of any special nozzle, reducing the complexity of the plant as well as the equipment cost. The CO 2 here acts as co-solvent, and its evaporation from the organic expanded solution during the depressurization stage produces a fast, large and homogeneous cooling responsible for the high vesicle-tovesicle structural homogeneity in comparison to that reached by conventional methods (Figure 8 ). DELOS-SUSP technology has shown to be a robust productive process both for the production of liposomes as well as other kinds of L-NVs, in particular quatsomes 195, 196 . Many membrane components have been processed by DELOS-SUSP, such as phospholipids, sterols, surfactants. Also, both hydrophobic and hydrophilic bio-actives have been simultaneously loaded in L-NVs by DELOS-SUSP, showing that DELOS-SUSP is a viable platform for the preparation of nanovesicle-bioactive conjugates. For instance, multifunctional conjugates composed by liposomes functionalized with RGD peptides and encapsulating α-Galactosidase A (GLA) enzyme were successfully prepared using the DELOS-SUSP 195 . These nanovesicle conjugates showed higher efficacy, in relation to the free proteins, in pre-clinical in vitro and in vivo tests 196 . A rapid depressurization occurs at the end of the process over water and the solution was left bubbling for one hour. During this time, also evaporation of the organic solvent was obtained in the vessel, heated and agitated by CO 2 197 .
In this method liposomes form instantaneously after the injection of the expanded liquid in water solution, thanks to lipid spontaneous organization in a bilayer structure that is the favoured configuration and allows to reduce the contact with water of the not-polar lipids chains. Vesicle dimensions can be related to the high turbulence generated during injection and decompression of the expanded liquid. Liposomes with diameters in the range of 50-200 nm have been produced using this technology. However, the major limitation of this technique is the low entrapment efficiency. This process has been designed to use moderate temperatures and pressure. Temelli et al have developed a new CF-based method, based on the modification of ISCRPE and DELOS-SUSP processes for the production of small and unilamellar liposomes. The main advantage of this method is to be free of any organic solvent 216 . CF has been used also as anti-solvent for the preparation of L-NVs. In particular, Rapid Expansion of Supercritical Solutions (RESS) and Supercritical Anti-Solvent (SAS), methods exploit CO 2 as anti-solvent; these methods were initially developed for processing a wide variety of difficult-to-comminute solids and then they have been modified for the preparation of L-NVs. Thus, RESS started in 1984, when Krukonis showed its potential for the first time 199 and since then, several applications have been conducted. In the RESS process, the solute or solutes are solubilized in a dense gas at high pressure (>20 MPa) and this solution is then depressurized through a heated coaxial nozzle into a precipitation chamber at supersonic speed. This rapid expansion (<10 -5 s) of the solutions inside the chamber leads to a super saturation of the solute and a subsequent precipitation of solute particles with narrow particle size distributions 200 . RESS technology has been used for processing drugs, polymers as well as for L-NVs preparation. Depending on the requirement of the product, various modifications of the process have been developed. In particular, the RESS process has been successful for polymer nanoparticles formation, but it has shown its limits for lipidbased nanoparticles production because lipids are not completely soluble in pure compressed CO 2 . Wen et al. introduced some modifications to the conventional RESS process to produce liposomes: PC, Chol, and the essential oil of Atractylodes macrocephala Koidz were dissolved in compressed CO 2 and ethanol, and after the system reached the equilibrium, a buffer solution was injected by a syringe pump into the dissolved solutes. prepare liposomal cyclosporine A (CsA). The differences between liposomes prepared using the SCF-CO 2 and conventional modified Bangham's methods were thoroughly investigated, revealing that liposomes prepared using SCF-CO 2 were physically and chemically more stable than liposomes prepared using the conventional method [206] [207] [208] . The SCF-CO 2 liposomes were smaller, uniform and more spherical than the liposomes prepared using the conventional method. Additionally, a nontoxic organic solvent (ethanol) was used, which evaporated completely before hydration.
Other Non-conventional Preparation Methods
Over the last years, microfluidic technologies have been mainly developed and used as tools in chemical synthesis and biological analysis. Nevertheless, it has received an increasing interest as a novel platform for the preparation of nano-and microparticles 217 . It is a versatile technology that enables a precise control and manipulation of fluids and liquid flows in channels at the micrometer scale, allowing the implementation of the mixing process into small planar chips and devices. Due to its characteristics, it can provide a rapid and tunable mixing with homogenous reaction environments, and a high-throughput experimental platform 217, 218 . Because Please do not adjust margins
Please do not adjust margins been applied for producing L-NVs, altering particle size and improving homogeneity of particle size distributions as well [219] [220] [221] . The application of microfluidics to the synthesis of nanovesicles in novel lab-on-a-chip based devices can dramatically reduce the time required for sample preparation as well as the costs associated with experimental work 218 . The organic phase is diluted and the lipids self-assembled into vesicles (see Figure 9 ). The size, morphology and lamellarity of the vesicles are strongly affected by the process parameters as the size of the microchannels, the concentration of the lipids, the ratio between the two flows, and the magnitude of flows 222, 223 . The NanoAssembler platform and the NanoAssembler Scale-up platform developed by Precison Nanosystems, INC., Canada, have produced liposomes both at the lab-scale and at clinical-scale using the microfluidic technology 218 . In fact, microfluidization can be scaled up by increasing the number of channels in a parallel configuration. Nevertheless, it can be problematic for the processing of thermo-labile compounds due to the high shears developed in this process. Also, some processing problems, such as channel blocking, might take place making difficult to translate to industry. Another aspect to take into account for this kind of sophisticated equipment is the required cleaning step after each batch production. A GMP-compliant procedure should include cleaning and cleaning validation procedures to avoid batch-to-batch or product-to-product contamination. Up to now there is not clear whether at industrial scale it would be possible to ensure the cleanliness of multiple nanometer-sized channels. Apart from the techniques based on microfluidics and CF technology that present promise features, other types of nonconventional methods for preparing nanovesicles have been developed and proposed in the last years. Some of these techniques are based on the use of sophisticated templates over which the vesicles are formed, aiming to achieve sizecontrolled and monodispersed colloidal dispersions [224] [225] [226] [227] . For example, DNA/protamine polyplexes were used as templates for the production of vesicles smaller than 200 nm using the layer-by-layer method intended for gene delivery 225 . In another study, DNA nano-octahedron obtained through DNA engineering and inspired in the shape of virus, were used as templates for the preparation of lipid-based vesicles with 76 nm on diameter 227 . Yang et al, produced monodisperse SUVs of different sizes and compositions using the DNA origami technique. The DNA-origami rings/nanotemplates served as an exoskeleton inside which the SUVs are formed, contrary to the majority of other techniques using templates as endoskeleton. Nanotemplates of 29, 46, 60, and 94 nm originated liposomes of ~22, 45, 58 and 94 nm, presenting a high monodisperse distribution with at least 85% of the particles falling within the expected size range, and a small percentage of particles with smaller sizes 224 . Despite the promising results, the scalability of these techniques for drug delivery purposes could be impaired by the high costs of DNA nanotemplates' production.
Other method that has showed to produce nanovesicles is based on the freeze-drying of emulsions [228] [229] [230] . The method is based on the dissolution of hydrophilic components of the formulation (like drugs and cryoprotectans) in the water phase, while the hydrophobic components (like drugs and lipids) are dissolved in an organic solvent. After emulsification, the formulation is freeze-dryed to eliminate the liquid phase and the vesicles form by suspending the obtained dry powder in an aqueous solution ( Figure 10 ). For example, PC:PS:Chol unilamelar liposomes smaller than 200 nm and able to encapsulate hydrophobic (flurbiprofen), hydrophilic (paeoniflorin), and amphiphilic (berberin) drugs were efficiently prepared by this method 228 . Another interesting method for preparing nanovesicles was reported by Yu et al. and consists of the production of nanofibers composed by phospholipids and a hydrophilic polymer (filament-forming matrix) by electrospinning first, serving as liposomes precursors 231 . In this case, the size of the liposomes can be controlled by changing the ratio of PC:PVP used to produce nanofibers. This method presents some advantages over conventional methods since is free of heating, cooling, agitation, or postformation steps 231 , but it also has some drawbacks mainly related to its scalability.
Biomedical applications of nanovesicles Nanovesicles for delivery of pharmaceuticals
Many therapeutics have been benefiting with the development of Nanomedicine, and among them, anticancer drugs are the most studied ones and presenting the highest number of approved or under clinical evaluation nano-based drug products 232 . The important progresses observed in the cancer treatment have resulted, in the last two decades, in an improvement of the clinical outcomes and a decrease of the mortality rates 233 . Different nanovesicles have been proposed as vehicles of anticancer agents including paclitaxel 234, 68 , doxorubicin 235, 236 , vinorelbine 237 , cisplatin 238 , 5-fluorouracil 112 , lapatinib 239 , among others, with some formulations marketed and used in clinical practice (Table 4) or even enrolling clinical evaluation ( Table 5) . As previously mentioned in this Review, among the different nano-based products available, liposomes have been the systems more studied, being the first nanomedicines reaching the market (Doxil/Caelyx ® ). As referred, Doxil/Caelyx ® was the first nanomedicine-based system reaching the market in 1995, and its success boosted the development of new nanotechnologybased DDS. This stealth liposomes (around 100 nm) composed of MPEG-DSPE, HSPC and Chol encapsulating doxorubicin were able to alter the biodistribution of the drug and increase its half-life, increasing therefore its therapeutic efficacy (passively targeting the tumors) and reducing its well-known side effects, namely cardiotoxicity and neutropenia 240, 241 . One of the most interesting characteristics of Doxil/Caelyx ® is related to its smart drug loading mechanism based in the use of transmembrane ammonium sulfate gradients to actively load amphipathic weak bases like doxorubicin after liposomes production. This method not only allows the entrapment of high amounts of the drug in the small aqueous core of liposomes without requiring preparation of their in acidic pH nor alkalization of the extra-liposomal aqueous phase, but also presents a strong loading stability of the drug both in storage and blood circulation 241, 242 .
Together with liposomes, other vesicular systems, especially non-liposomal L-NVs, have been developed and proposed as promising and alternative DDS in the last years. Table 4 and 5 report some examples of nanovesicles-based drug products already on the market or under clinical evaluation. Liposomes and niosomes have shown to improve the oral bioavailability of paclitaxel, a Biopharmaceutical Classification System (BCS) class IV drug whose oral delivery is highly impaired by its physicochemical characteristics 243, 244 . Liposomes coated with poly(acrylic acid) and poly(allylamine hydrochloride) were also able to improve the oral bioavailability of doxorubicin, and present an in vivo antitumor activity after a multiple oral dose regimen comparable to a single intra venous administration of the commercial formulation Lipo-Dox ® 245 . In another study, the surface modification of liposomes encapsulating doxorubicin with anti-HER2/neu peptide (AHNP) improved the in vivo therapeutic index and anticancer activity of the drug against breast cancer when compared with non-targeted liposomes such as Caelyx ® (Figure 11 ) 236 . The encapsulation of mitoxantrone into ethosomes improved its anticancer activity against melanoma tumors by a reduction in the tumor size and an induction of an in vivo anticancer immune response 246 . In another study, 5-fluorouracil intended for dermal application was encapsulated into liposomes, transfersomes and niosomes. All the vesicular systems promoted an improvement of the biopharmaceutical characteristics of the drug, being transfersomes the vehicle that presented the best anticancer activity due to higher penetration capacity 247 . The topical administration of anticancer drugs could be an effective and safer way to treat skin cancer over conventional therapies since they reduce the systemic side effects and an increase of the therapeutic index of drugs. 248, 249 .
Some of the most severe infectious diseases like Tuberculosis, HIV or Legionella are induced by intracellular pathogens that infect internally the cells, evading from the mononuclear phagocyte system and turning them as reservoirs 257 .
The intracellular localization of the pathogens becomes an obstacle to an effective and prompt treatment due to the difficulties of drugs present in conventional formulations to reach the therapeutic targets 257 274 . As previously mentioned, ethosomes promoted higher skin permeation and also show a superior bioavailabity of the drug in human volunteers, compared to the free drug in the patch, becoming a promising alternative to the oral delivery of glimepiride 274 .
Other studies propose ethosomes as dermal and nasal delivery systems of drugs like aceclofenac 69 , zolmitriptan 275 , piroxicam 276 , lidocaine 277 , celecoxib 278 or methoxsalen 92 . Niosomes have been proposed as vehicles for delivery of a variety of drugs via different administration routes, arising as promising carriers for ocular delivery 77, 279 . Tracrolimus-loaded niosomes have shown to be biocompatible with the cornea, delaying the occurrence of corneal allograft rejection in transplanted animals to a higher extent than free drug and the typical CsA treatment 280 . Other drugs like fluconazole 281 , naltrexone 282 , gentamicin 283 , or prednisolone 284 have also been encapsulated into niosomes presenting interesting results. 285 . For example, liposomes have been used to improve both the bioavailability and absorption of proteins in the harsh environment of the intestinal tract (strong acidic medium and presence of enzymes) 286 . In another study, after administration of liposomes containing β-fructofuranosidase in rats, it was observed that within an hour, 50% of the administered enzyme remain in the circulation, and the activity of the enzyme was preserved at least after 2 days in the liver 287 .
After oral administration of insulin and sodium taurocholate loaded on a liposome system it was observed a markedly reduction on the blood glucose levels both in vitro and in vivo 288 . However, another study in patients using insulin loaded into liposomes for the treatment of Type-2 diabetes mellitus, showed that insulin did not delay or prevent type 1 diabetes 289 . Moreover, several absorption enhancers, such as fatty acids, surfactants and bile salts, have been used in animal models for the oral delivery of biomacromolecules 290 .
Furthermore, it has been demonstrated the ability of liposomes to enter into the cytoplasm and lysosomes of live cells, which open new opportunities for the treatment of inherited diseases caused by the abnormal function of the enzymes. For example, liposome containing β-galaclosidase were able to degrade glycopeptides (GM1-ganglioside) accumulated in lysosomes of feline fibroblasts, which have deficient β-galactosidase activity 291 . Many studies also have been performed using transfersomes for protein and peptide delivery. For example, buccal delivery of insulin was achieved when transfersomes were used, showing an intercellular transdermal transfer rates of the order of 50%; however recent studies have been unable to reproduce these initial results 292 . Morrow and co-workers found a reduction in the glucose levels of both in mice and humans, after transcutaneous administration of insulin loaded into transfersomes 293 . Transfersomes have been shown promising results for delivery of calcitonin, α-and γ-interferon, Cu-Zn superoxide dismutase, and serum albumin across the skin 294 .
Moreover, transfersomes have been able to deliver genetic material into the cells 295 Thus, it would be expected that in the near future, the pipeline of Pharmaceutical Industries will be fulfilled by non-liposomal L-NVs drug products to treat many diseases, not only limited to oncology and vaccines which will definitively impose their presence in the market and clinical use. Conventional methods are nowadays predominantly exploited to prepare the commercially available lipid-based drug formulations, yielding final products many times not fully homogeneous, and that can be contaminated to some extent with residual organic solvents. Furthermore, their scale-up from lab scale to the industrial scenario of these multistep processes, in a controlled way, granting high-quality products, is not easy at all, arising as major drawback that limit the translation of these systems from the bench to the bedside. In this frame, CF-based technologies are everyday stepping forward as promising alternatives: their affordable cost, simplicity, high throughputs of L-NVs with controlled physicochemical properties and almost no trace of residual solvents, as well as their great flexibility and easy scalability make them ideal methods for pharmaceutical companies. Taking all of these into consideration, we strongly believe that CF technologies have a bright future in playing an important role in the development and production of improved L-NVs drug formulations, and that they will support these outstanding nanocarriers during their rocky way from the preclinical stages, through its translation to clinic phases, and then finally to the market. 
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